The purpose of this study is to analyze the relationship between crop yields and total chlorophyll potential of different barley and oats cultivars. For this purpose, we used the spectra of grain crops obtained from ground-based remote sensing, and laboratory data. Ground-based data were obtained at the experimental fields located in the Krasnoyarskii Krai. Experiments were carried out in different seasons and under various lighting conditions. Spectral measurements were done with a double-beam spectrophotometer. It was installed on the mobile work platform at heights of 5 to 18 m. The study showed good correlation between crop yields and total chlorophyll potential for barley and oats cultivars.
Introduction
Remote sensing techniques are an effective tool of monitoring farm crops [1] . To evaluate the yields of farm crops by remote sensing techniques, the plants need to be continuously monitored during their growing season. Reliable monitoring should be based on the crop data with a relatively high temporal resolution (every 5-8 days). Parameters characterizing the physiological state of the plants (yield) during their growing season should be evaluated quickly [2] .
The classical method of evaluating the state of the crops is based on NDVI [3] . In this research they evaluated the use of the MODIS NDVI and surface temperature products to develop a multidimensional regression algorithm to predict the state and county level yields.
The NDVI seasonal dynamics is representative of crop growth and biomass changes and thermal data is representative of the crop moisture stress condition [4] . Vegetation indices are usually calculated by using plant reflectance at two wavelengths. Ground -based measurements are necessary for decoding and interpreting the data obtained from satellites [5] .
The purpose of this study was to investigate the relationship between crop yields and total chlorophyll potential of barley and oats based on reflectance spectra obtained by ground -based remote measurements.
Material and methods
Barley (Horde disticxon L.) and oats (Avena sativa L.) crops were investigated in this study. These crops differ in their grain yield, chlorophyll content, and time to maturity. They are commonly grown in Russia, and their physiology has been sufficiently studied.
Field studies were performed on fields situated in the central and southern regions of the Krasnoyarskii Krai (Russia) during the growing seasons of between 2002 and 2012. The studies were conducted on 200 -600 m 2 experimental plots. The plots differed in the amounts of fertilizers added to the soil per square meter [6] . The plots were located rather close to each other, i.e. in the same climatic conditions. The calculation of total chlorophyll potential was based on registration of the reflectance factor, ρ l , of the crops using a PDSP double-beam spectrophotometer installed on the elevated work platform at heights of 5 to 18 m under sunny conditions [7] .
To assess the crop yields at the end of the growing season used the total chlorophyll potential (equation 1).
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where 90 is the multiplier equal to the half -width of the chlorophyll absorption band between 550 and 730 nm, ρ 550 and ρ 730 are values of the reflectance factor of the plant canopy at l = 550 nm and l = 730 nm.
The yields of barley and oats on the study plots were determined by weighing the grains collected from 2 m 2 simultaneously with the remote measurements of the reflectance factor.
Results and discussion
Variations in the reflectance factor of oats and barley crops over the growing season are shown in The yields of barley and oats on the study plots were determined by weighing the grains collected from 2 m 2 simultaneously with the remote measurements of the reflectance factor.
Variations in the reflectance factor of oats and barley crops over the growing season are shown in Fig. 1 and Fig. 2 . As plants developed, their color changed from bright green in the early phase of development (June) to bright yellow at the end of the growing season (August). In the early opment, plant reflectance factor had two distinct minima at 400 nm and 680 nm. The values of the reflectance factor could reach 60-65% at 800 nm and 20-25% at 550 nm, while at 400 nm and 680 nm, they varied between 4 and 8% ( Fig. 1 and Fig. 2 ). In middle of July the crops differed in their optical properties and the amounts of pigments in plants. As plants developed, their vegetative biomass built up, and the reflectance factor in the region between 620 and 730 nm increased. That was caused by the chlorophyll decrease in the crops. Both crops showed similar variations in the values of the reflectance factor, but they differed in the values of absorption of radiant energy in the green and near -infrared regions. The reflectivity of barley was higher than the reflectivity of oats in the near-infrared spectral region (λ = 730 -810 nm). In that period, the pigment ratios changed rapidly, and ear development consumed the assimilates. The reflectance factor in the red region (680-730 nm) increased at a higher rate than the reflectance factor in the shortwave region (400-460 nm). By the end of the growing season, the plants had turned completely yellow, the grain in the ears had ripened, and there was almost no chlorophyll in the plants. Analysis of the spectra showed that in that phase, reflectance factors in the wavelength range between 550 and 730 nm had changed more substantially than in other phases of the growing season and that they were essentially determined by the amounts of pigments (total chlorophyll) in the plants (the red absorption spectrum of chlorophyll "a" λ max = 680 nm). That was mainly caused by intense processes of accumulation and breakdown in plants, which may be used as indicators of changes occurring in them. Barley has shorter time to maturity (Fig. 2) , than oats (Fig. 1) , and chlorophyll breakdown in the oat plants in the red absorption spectrum (λ = 680 nm) is 8-10 days delayed compared to barley. Thus, seasonal variations in the reflectance factor, ρ λ , of the crops can be used to identify plant species and evaluate the physiological state of the plants.
Investigations of correlations between the yield of barley and oats crops and total chlorophyll po-
tential were based on long-term data on crops grown on soils containing various amounts of fertilizers.
To obtain accurate and reliable estimates of these parameters, they were measured and calculated for ten years, under different growing conditions. Results of these investigations are shown in Fig. 3 . The which may be used as indicators of changes occurring in them. Barley has shorter time to maturity (Fig. 2) , than oats (Fig. 1) , and chlorophyll breakdown in the oat plants in the red absorption spectrum (λ = 680 nm) is 8-10 days delayed compared to barley. Thus, seasonal variations in the reflectance factor,ρ λ , of the crops can be used to identify plant species and evaluate the physiological state of the plants.
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chlorophyll potential were based on long-term data on crops grown on soils containing various amounts of fertilizers. To obtain accurate and reliable estimates of these parameters, they were measured and calculated for ten years, under different growing conditions. Results of these investigations are shown in Fig. 3 . The value of total chlorophyll potential for barley is higher than its value for oats with yield contents being equal because of physiological differences between the crops. Barley leaves are broader than oats leaves, and during the active growing phase, the leaf area density of barley is higher than the leaf area density of oats. Fig. 3 . Relationship between the crop yield and total chlorophyll potential of oats (based on the data for 17 fields) and barley (based on the data for 58 fields) during the growing season Measurements showed good correlation between yield and total chlorophyll potential for barley and oat crops cultivated under different sowing and growing conditions. For barley crops, the coefficient of determination is R 2 = 0.79 and for oat crops R 2 = 0.74. However, correlation Fig. 3 . Relationship between the crop yield and total chlorophyll potential of oats (based on the data for 17 fields) and barley (based on the data for 58 fields) during the growing season value of total chlorophyll potential for barley is higher than its value for oats with yield contents being equal because of physiological differences between the crops. Barley leaves are broader than oats leaves, and during the active growing phase, the leaf area density of barley is higher than the leaf area density of oats.
Measurements showed good correlation between yield and total chlorophyll potential for barley and oat crops cultivated under different sowing and growing conditions. For barley crops, the coefficient of determination is R 2 = 0.79 and for oat crops R 2 = 0.74. However, correlation between chlorophyll potential and chlorophyll content of barley and oats crops is higher than correlation between total chlorophyll potential and crop yield [7] . Correlations obtained for one season with optimal plant growing conditions are higher than the average correlations based on the data obtained for ten years, as the crops were grown under dissimilar weather conditions. This correlation is indicating that reliable estimates of crop yield can be obtained by determining chlorophyll potential by the optical remote sensing method.
Conclusion
The study showed the effectiveness of using ground -based remote sensing to estimate yield of barley and oats crops based on the total chlorophyll potential calculated from the reflectance factor, ρ λ . The effectiveness of the method was proved by a large number of field remote measurements and laboratory measurements. Monitoring of changes in the reflectance factor of barley and oat crops over the growing season showed their high information value in the region between 550 and 730 nm. This spectral range can be used to decode aerospace multispectral images [8, 9] . Ground-based remote measurements of the reflectance factors of barley and oat crops suggest the following conclusions.
The main results:
1. The study showed good correlation between crop yields and total chlorophyll potential for different varieties of barley and oats. The coefficient of determination for barley is R 2 = 0.79 and for oats R 2 = 0.74.
2. The value of total chlorophyll potential for barley is higher than its value for oats with yield contents being equal.
